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Abstract
Specimens resembling the benthic foraminifera Nonionella stella (Cushman and Moyer,
1930), a morphospecies originally described from the San Pedro Basin, California,
USA, were observed for the first time in the Oslofjord (Norway) in 2012. This
study investigates the Oslofjord Nonionella population in order to confirm its nonindigenous species (NIS) status and assess its introduction time. Morphological
characterisation based on SEM imaging complemented by molecular identification
using small subunit (SSU) rDNA sequencing and assessment of the recent past
record (sediment core), were performed on material collected in the Oslofjord in
2016. Examination of the dead fauna showed that specimens resembling N. stella
only appeared recently in the Oslofjord, confirming the NIS status of this population.
Moreover, DNA results indicate that the Oslofjord specimens differ genetically
from N. stella sampled in the Santa Barbara Basin (California USA). Hence, we
propose to use the name Nonionella sp. T1 for the specimens sampled in the Oslofjord
for the time being. In the southern part of the Skagerrak, specimens morphologically
similar to Nonionella sp. T1 were reported as NIS in the Gullmar fjord (Sweden) in
2011 and in the Skagerrak in 2015. Molecular data indicate that the two populations
from Gullmar- and Oslofjords are identical, based on their SSU rDNA sequences.
In addition, analyses of foraminiferal dead assemblages suggest that the population
from the Gullmar fjord settled prior to the Oslofjord population, i.e. ~ 1985 and
about 2010, respectively. This implies that Nonionella sp. T1 may have been
transported from Sweden to Norway by northward coastal currents.
Key words: non-indigenous species, benthic foraminifera, morphological criteria,
molecular identification

Introduction
Introduction of non-indigenous species (NIS) is one of the major threats to
biodiversity and ecosystem functioning in coastal waters (Butchart et al.
2010; Pyšek and Richardson 2010). One of the main vectors of NIS
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introductions is ballast water (Oliveira 2007). In 2001, maritime shipping
carried 90% of the world’s 5.1 billion tons of international trade (KitePowell 2008) and every day, more than 10,000 species are likely to be
transported around the world in the ballast tanks of cargo ships (Carlton
1987; Carlton and Geller 1993). Fortunately, most of those potential
invaders do not survive due to unsuitable environmental conditions (Bax
et al. 2003). However, some taxa among certain groups (e.g. fish, algae,
benthic foraminifera and benthic macro-invertebrates) have a high survival
potential and may potentially, colonise the “introduction site” (Wonham et
al. 2000; Occhipinti-Ambrogi et al. 2010). According to model predictions
on the spread of marine species introduced by global shipping, Northern
European seas are one of the ecoregions, which are characterised by a high
risk of NIS invasions (Seebens et al. 2016). Among the 167 alien species
introduced into the North Sea, the majority belongs to large and wellstudied taxa, with only three protist species reported (Gollasch et al. 2009).
Hence, there is a lack of knowledge on smaller body-sized taxa, especially
on meiofauna-sized organisms (Occhipinti-Ambrogi et al. 2010), which
include foraminifera. These were found alive in ballast water (Galil and
Hülsmann 1997). It has been shown that at least, some foraminifera are
easily transported as resting stages (propagules) and can survive unsuitable
environmental conditions (Alve and Goldstein 2003, 2010). Once nonindigenous benthic foraminifera have been introduced and colonised a
new area, a further dispersion of propagules (with e.g. currents) is a way by
which foraminifera could extend their distribution from local to regional
geographical scales as long as they find a suitable environment. Introduction
of non-indigenous benthic foraminifera by means of ballast water has been
reported already (e.g. McGann et al. 2000; Bouchet et al. 2007). For example,
the benthic foraminifera Trochammina hadai Uchio, 1962 was introduced
in the San Francisco Bay in 1983 by ballast water and today, the species
accounts for more than 50% of the foraminiferal assemblage in the bay while
it contributed only 1.5% when it first appeared (McGann et al. 2000, 2012).
To date only a few studies have reported NIS foraminifera (McGann and
Sloan 1996; Hayward 1997; Hayward et al. 1999; Tapiero 2002; Oflaz 2006;
Bouchet et al. 2007; Grenfell et al. 2007; Hyams-Kaphzan et al. 2008;
Langer 2008; Pawlowski and Holzmann 2008; Calvo-Marcilese and Langer
2010; Schweizer et al. 2011; Almogi-Labin and Hyams-Kaphzan 2012;
Milker and Schmiedl 2012; Merkado et al. 2013, 2015; Polovodova Asteman
and Schönfeld 2015; Langer and Mouanga 2016). Half of these studies
concern the Mediterranean Sea, particularly its Eastern part (see Zenetos et
al. 2010, 2012 for more details). Thorough investigations of sediment core
records are needed to determine the introduction period of a species,
assuming this NIS has a high preservation potential once dead. In contrast
to many macroinvertebrates, foraminiferal tests are preserved in the
sediment after death, and can be recorded in sediment cores, thus
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providing information on their introduction time. However, among the
worldwide-recorded foraminiferal NIS species, only a few studies performed
such an assessment (McGann et al. 2012; Polovodova Asteman and
Schönfeld 2015; Langer and Mouanga 2016). Furthermore, over the last
decades, molecular methods have become a powerful and increasingly
informative tool in NIS investigations, providing integral information on a
species’ source, vector, spread, and introduction time (Sakai et al. 2001;
Voisin et al. 2005). To complement morphological analyses by Scanning
Electron Microscope (SEM) imaging, a molecular identification with rDNA
sequences helps confirm taxonomic denomination and understanding a
species’ source using phylogenetic analyses (Pawlowski 2000; Hayward et
al. 2004; Pawlowski and Holzmann 2008; Schweizer et al. 2011).
The benthic foraminifera Nonionella stella (Cushman and Moyer, 1930)
was originally described from the Northeast Pacific Ocean and its
taxonomic history is complicated. Indeed, Rhumbler (1949) used the
Californian fossil species Nonionella miocenica (Cushman, 1926) to define
the genus Nonionella. A new variant of N. miocenica, Nonionella miocenica
variety stella was then observed and described in the San Pedro Basin,
California (Cushman and Moyer 1930). This morphotype was raised to the
species level by Lankford and Phleger (1973) under the name Nonionella
stella. It is described as an ubiquitous morphospecies displaying a large
geographical presence in different ecosystems such as oxygen minimum
zones of the eastern Pacific (Ingle et al. 1980; Culver and Buzas 1987; Kato
1992; Bernhard and Bowser 1999; Murray 2006), anoxic basins off California
(Bernhard et al. 1997) and Tunisia (Martins et al. 2016), well-oxygenated
ecosystems in British Columbia (Patterson et al. 2000) and in upwelling
zones off Namibia (Leiter and Altenbach 2010) (see Polovodova Asteman
and Schönfeld 2015 for more details). Specimens first attributed to the
morphospecies N. stella were observed alive in the surface sediment of the
Gullmar fjord in 2011, whereas a sediment core-based study showed that
this taxon was introduced to the area for the first time in 1985 (Polovodova
Asteman and Schönfeld 2015). In the adjacent Skagerrak and Kattegat
regions (e.g. Øresund strait, Dynekilen fjord, Sannäs fjord) the morphospecies
was recorded among living (stained) fauna for the first time in 2013 (see
Polovodova Asteman and Schönfeld 2015; Charrieau et al. 2018 for more
details). In addition, benthic foraminifera resembling N. stella were
observed for the first time in 2012 in the Oslofjord (Norway) (Alve and
Hess, pers. comm.). Morphological differences, between individuals from
California (Bernhard and Bowser 1999) and the Gullmar fjord (Polovodova
Asteman and Schönfeld 2015) suggest that these populations may belong
to different species sharing a roughly similar morphology attributed to the
morphospecies N. stella (see discussion below). Hence, molecular analyses
and a detailed morphological analysis based on SEM images of sequenced
specimens are needed to confirm or refute the taxonomical identification
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Figure 1. Geographical location of station Cj3-2016 in the Oslofjord, Norway, and the four other sites used for comparison (i.e.
Gullmar fjord, Sannäs fjord, Dynekilen fjord and Indre Hvaler). Black and dotted arrows respectively represent deep and surface
currents (data from National Geospatial Intelligence Agency).

of the individuals from the Oslofjord, which have been included in the
morphospecies N. stella in previous studies.
The objectives of this study are fourfold: (i) to identify the new Nonionella
species in the Oslofjord using molecular tools, (ii) to combine molecular
and morphological data to characterise it morphologically, (iii) to assess
the occurrence of this taxon over the last decades in the Oslofjord using
dead assemblages, which will help to validate its NIS status, and (iv) to
trace back the species origin using molecular tools.

Materials and methods
Sampling strategy
The Oslofjord sediment samples were collected on the 22nd of August 2016
at station Cj3-2016 located in a semi-enclosed basin of the Vestfjord
(59°50.683′N; 10°30.603′E, 58 m water depth, Figure 1) using the R/V Trygve
Braarud (University of Oslo, Norway). The station was sampled by previous
studies (Dolven et al. 2013) and was chosen because its environmental
features are well known and it is located only a few km away from the site
where foraminifera resembling Nonionella stella were observed in 2012.
Deldicq et al. (2019), Aquatic Invasions 14(2): 182–205, https://doi.org/10.3391/ai.2019.14.2.03
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Surface sediments (0–2 cm) were sampled using a 1.0 m2 van Veen grab for
the isolation and analysis of living Nonionella specimens morphologically
resembling N. stella (further referred to as Nonionella sp.). Samples were
stored at ambient temperature (7 °C) with in situ seawater in transparent
plastic 1000 ml containers in dark cold-incubators until living individuals
were picked for morphological and molecular analyses. In addition, six
sediment cores ( 8 cm) were collected using a “Gemini twin barrel corer”
(a modified Niemistö corer, Niemistö 1974). The least disturbed core was
selected for studying the dead foraminiferal faunas and radiometric dating.
After the 17 cm core was collected, it was divided into 1 cm thick slices
(i.e. 0–1 cm, 1–2 cm, etc.) and the samples were stored in a freezer.
In order to identify the regional source of the Nonionella species, this
study uses previously published work on the Skagerrak-Kattegat adjacent
fjords e.g. Gullmar, Sannäs and Dynekilen fjords (Polovodova Asteman
and Schönfeld 2015 and references therein). However, some aspects of that
study were never published and are presented in this paper. Molecular
analyses were used to compare the specimens resembling Nonionella sp. in
the Oslofjord to those from the Gullmar fjord (also presented herein).
Hence, surface sediment samples for living foraminifera and molecular
analyses were collected in September 2011 at the G113 station (58°17.570′N;
11°23.060′E, 116 m water depth) (see Polovodova Asteman and Schönfeld
2015 and reference therein for more details).

Dating of sediments
Sediment slices from the Oslofjord core were freeze-dried and the water
content was determined prior to dating. These samples were sent to the
Gamma Dating Center (Denmark) where they were analysed for 210Pb, 226Ra
and 137Cs activity gamma spectrometry carried out on a Canberra ultralowbackground Ge-detector. The constant rate of supply (CRS) modelling was
applied to the profile using a method modified from Appleby (2001).

Benthic foraminifera
Preparation of living Nonionella sp. for morphological and molecular
analyses
The surface sediment samples were washed through a 125-μm sieve
(Oslofjord samples) and a 63-μm sieve (Gullmar fjord samples) with in situ
seawater. Sixty-four (Oslofjord) and twenty-one (Gullmar fjord) specimens
of living Nonionella were selected using a stereomicroscope. During
picking, the sediment was covered with seawater and was kept on ice in
order to keep the specimens alive. Living foraminifera were distinguished
from dead ones by a greenish colour of protoplasm, and their ability to
either stick to the bottom of plastic containers or to move when left over night
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Figure 2. Molecular phylogeny of sequenced nonionids based on partial SSU rDNA sequences
inferred using the ML method with the GTR model. The tree is rooted on the phylotype T5 and
support values for BioNJ, ML aLRT and ML BS are indicated at the main nodes.

(Pawlowski 2000; Schweizer et al. 2005). Live specimens were cleaned in
filtered seawater with a brush to remove remaining sediment. Specimens
were then transferred to Eppendorf tubes and were dried at room
temperature, ready for SEM imaging and molecular analyses.
SEM imaging, morphological and molecular analyses
All Nonionella individuals selected for genetic characterisation were SEM
imaged prior to molecular analyses (Figure 2). The dried specimens were
placed on a stub and the Gullmar fjord specimens were gold coated and
imaged using an SEM (Philips XL30CP) at the Grant Institute (University
Deldicq et al. (2019), Aquatic Invasions 14(2): 182–205, https://doi.org/10.3391/ai.2019.14.2.03
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of Edinburgh), whereas the Oslofjord specimens were examined without
coating with an environmental SEM (EVO LS10, Zeiss) at the Laboratory
SCIAM (University of Angers).
The specimens were then individually extracted for DNA in Deoxycholate
(DOC) buffer (Pawlowski 2000). For the DNA amplification by Polymerase
Chain Reaction (PCR), a fragment situated at the 3’ end of the small subunit
(SSU) rDNA was selected because this region is the barcode for foraminifera
(Pawlowski and Holzmann 2014). The primer pairs were s14F3 and J2 for
the primary PCR and s14F1 and N6 for the secondary (nested) PCR
(Pawlowski 2000; Darling et al. 2016). The PCR conditions were 2 min at
94 °C followed by 40 cycles of 94 °C for 30 s, 50 °C for 30 s, 72 °C for 2 min
and ending with 72 °C for 10 min. For the secondary amplification, parameters
remained unchanged except for the annealing temperature (52 °C) and
cycle number (30). Positive PCR reactions resulted in a fragment of about
500 nucleotides (nt). Most of the PCR products were sequenced directly as
described in Schweizer et al. (2011). Several specimens were selected for
cloning to document the intra-individual variation (Pawlowski 2000)
within the studied population. They were amplified using the primer pairs
s14F3-sB (Pawlowski 2000) and s14F1-J2 to obtain a fragment of about
1000 nt, purified using the High Pure PCR Purification Kit (Roche
Diagnostics) and ligated into the P-GEMt-easy vector (Promega).
Transformations were carried out in JM109 (Promega) competent cells
according to the manufacturer’ protocol and the inserts were subsequently
sequenced. Positive samples (direct amplifications and clones) were
sequenced with the Sanger method at the GenePool (University of
Edinburgh), the Plateforme Génomique (University of Nantes) or GATC
Biotech (Konstanz).
New DNA sequences (Table 1) were deposited in GenBank (accession
numbers MH016669–MH016736). All sequences obtained were edited,
automatically aligned together with available sequences of nonionids from
GenBank with MUSCLE (Edgar 2004) implemented in SeaView 4 (Gouy et
al. 2010) and then corrected manually to obtain an alignment of 1203 sites.
Twenty-one cloned sequences belonging to seven individuals were chosen
for phylogenetic analyses, together with sequences of nonionids from
GenBank (Figure 2, Table 2). The regions that were impossible to align
properly were removed to obtain a final alignment of 674 sites (the number
of sites calculated with Seaview). Maximum likelihood (ML) analyses were
performed by PhyML (Guindon and Gascuel 2003) implemented in Seaview
under the GTR (General Time Reversible) evolutionary model (Tavaré
1986). The statistical support was calculated either with non-parametric
bootstrapping (100 replicates) or the aLRT (approximate Likelihood Ratio
Test) branch support (Anisimova and Gascuel 2006). In addition, BioNJ
(Neighbor Joining) phylogenetic trees (Gascuel 1997) were inferred with
Seaview under the K2P (Kimura’s two parameter) evolution model
(Kimura 1980) with non-parametric bootstrapping (1 000 replicates).
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Table 1. Nonionella sp. T1 samples sequenced for this study with their DNA isolates, sampling location, primers used for
amplification, sequencing (direct or cloning) and GenBank accession numbers (sequences < 200 nt are not accepted).
DNA isolate
OF02
OF04
OF05
OF08
OF09
OF011
OF012
OF013
OF014
OF015
OF016
OF019
OF021
OF022
OF026
OF031
OF034
OF036
OF049
OF052
OF055
OF062
Sk256
Sk257
Sk260
Sk265
Sk269
Sk272

Sampling location
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Oslofjord
Gullmar fjord
Gullmar fjord
Gullmar fjord
Gullmar fjord
Gullmar fjord
Gullmar fjord

Sk273

Gullmar fjord

Sk274

Gullmar fjord

Sk275

Gullmar fjord

Sequenced fragment (primers)
s14-N6
s14-N6
s14-N6
s14-N6
s14-J2
s14-N6
s14-N6
s14-N6
s14-J2
s14-N6
s14-N6
s14-J2
s14-J2
s14-J2
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-N6
s14-J2
s14-N6
s14-N6
s14-J2

Sequencing
Direct
Direct
Direct
Direct
3 clones
Direct
Direct
Direct
4 clones
Direct
Direct
20 clones
5 clones
5 clones
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
4 clones
Direct
Direct
5 clones

Accession numbers
MH016669
MH016670
MH016671
MH016672
MH016673–MH016675
< 200 nt
MH016676
< 200 nt
MH016677–MH016680
MH016681
MH016682
MH016683–MH016702
MH016703–MH016707
MH016708–MH016712
MH016713
< 200 nt
< 200 nt
MH016714
MH016715
MH016716
< 200 nt
MH016717
MH016718
MH016719
MH016720
MH016721
MH016722
MH016723
MH016724
MH016725–MH016728
MH016729
MH016730
MH016731–MH016735

Table 2. SSU rDNA sequences of nonionids taken from GenBank and used for phylogenetic analyses.
Accession number
AY934751
AY934752
DQ452694
DQ452695
LN873835
LN873830
LN873831
LN873832
LN873838
LN873839
FM999902
FM999903
LN873824
LN873825
LN873826
AY818727

Morphological Identification
Nonionellina labradorica
Nonionellina labradorica
Nonionellina labradorica
Nonionellina labradorica
Nonionellina labradorica
Nonionella sp.
Nonionella sp.
Nonionella sp.
Nonionoides turgidus
Nonionoides turgidus
Nonion sp.
Nonion sp.
Nonion sp.
Nonion sp.
Nonion sp.
Nonionella stella

Sampling location
Oslofjord
Skagerrak
Skagerrak
Oslofjord
White Sea
Tierra del Fuego
Tierra del Fuego
Tierra del Fuego
West Scotland
West Scotland
Namibia
Namibia
Adriatic Sea
Adriatic Sea
Adriatic Sea
California, USA
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Schweizer et al. 2005
Schweizer 2006
Schweizer 2006
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Holzmann and Pawlowski 2017
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Holzmann and Pawlowski 2017
Holzmann and Pawlowski 2017
Grimm et al., unpublished
Grimm et al., unpublished
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Holzmann and Pawlowski 2017
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189

History of the introduction of a Nonionella species in the Oslofjord

Preparation and analysis of dead foraminifera
The dried Oslofjord sediment core samples were gently homogenised, and
6 g of dry sediment from each sample was weighed, washed through a 125-μm
sieve and examined under a stereomicroscope. One thousand specimens
(tests) per sample were picked, mounted on microslides and identified at
the morphospecies level. Shallow water taxa, such as Cibicidoides lobatulus,
Elphidium sp. (approximatively 10% per sample), which may have been
transported to the site by currents, were subtracted from the dataset and
were not included in the calculations. Relative and absolute abundance of
dominant morphospecies (e.g. Stainforthia fusiformis, Nonionellina
labradorica) including Nonionella sp. were calculated for each sample.

Results
Molecular identification and molecular phylogeny of Nonionella sp. from
the Oslo- and the Gullmar fjords
Of the 85 imaged and dried specimens of Nonionella sp. from the Oslo- and
the Gullmar fjords (Supplementary material Figures S1, S2, S3, S4), 32 were
successfully sequenced for partial SSU rDNA analysis and a total of 73
sequences were obtained either by direct sequencing or after cloning (Table 1,
Figures S2, S3). These sequences were aligned with other nonionid
sequences retrieved from GenBank for a comparative analysis (Table 2).
The two methods (BioNJ and ML) used to build the phylogenetic trees
gave the same topology and equally supported branch nodes (Figure 2).
Five clades, named T1–T5, were retrieved in these analyses with a very
high statistical support and long branches (T1, T3 and T4: 100/1.00/100;
T2: 100/0.99/100; T5: 99/0.98/100). The trees were rooted on the phylotype
T5, as analyses with a wider dataset (data not shown) placed this clade at
the root of the group studied here. The statistical support for grouping the
phylotypes together is medium (67/0.66/72 for the group T1+T2) to low
(47/0.39/59 for the group T1+T2+T3), which is partially due to the low
number of phylogenetically informative sites (674) available for the analyses.
Most of the variations observed in the sequences are concentrated in
three specific regions of the partial SSU fragment. The intraspecific
variability within phylotypes can be separated into three categories: low
values (T3: 0.9%, T5: 0.4%), medium values (T1: 2.3%, T2: 1.7%) and high
values (T4: 4.3%). All these values can be considered as intra-specific ones
(Weber and Pawlowski 2014). The variability of 2.3% observed in the
phylotype T1 is even intra-individual as clones of the individual OF022
vary with this value. However, the higher heterogeneity observed in T4
(variation of 4.3%) could be indicative of inter-specific variation, which
may eventually lead to a subsequent splitting of this phylotype, when
further evidence becomes available. The phylogenetic tree indicates that
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Figure 3. Scanning Electronic Microscope (SEM) images of Nonionella sp. T1 (underlined
specimen numbers were sequenced, see Table 1) from the Oslofjord station Cj3-2016: 1–17, 19,
ventral view; 18, spiral view. Scale bars = 100 µm.

only specimens from the Oslo- and Gullmar fjords fall within phylotype T1
and that they are not found in any other cluster. Therefore, the specimens
previously morphologically identified as N. stella, N. aff. stella or Nonionella
resembling stella in these regions can be classified as phylotype T1.

Morphological description of Nonionella sp. from the Oslo- and the
Gullmar fjords based on sequenced specimens
A morphological description of the test based on SEM images from the 32
sequenced individuals belonging to phylotype T1 (Figures S2, S3) reveals a
trochospiral chamber arrangement, an elongated rounded periphery and a
chamber shape with asymmetry between dorsal and ventral sides. The
chamber height grows regularly with the last chambers higher than the first
ones. The dorsal side is involute and the earlier chambers’ axial zone is
covered by a lobate extension of the final chamber with more or less
developed finger-like processes over the sutures (Figure 3). Note that, the
extension morphology can go from round and drop-shaped (e.g. Figure 3
individuals n°OF047, OF052 and OF062) to well-developed finger-like
processes (e.g. Figure 3 individuals n° OF003, OF010 and OF050) with all
the intermediate stages. The ventral side is evolute with the older whorls
visible. Sutures are slightly depressed over the periphery but deeply depressed
Deldicq et al. (2019), Aquatic Invasions 14(2): 182–205, https://doi.org/10.3391/ai.2019.14.2.03
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Table 3. Radiometric dates and sediment accumulation
rates for the dated sediment core Cj3-2016 in the
Oslofjord, Norway.
Depth (cm)
0.0
0.5
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5
9.5
10.5
11.5
12.5
13.5

Age (years)
2016
2015
2012
2008
2004
2001
1996
1990
1985
1978
1969
1957
1945
1925
1893

Acc rate (kg.m-2.y-1)
1.23
1.07
0.90
1.02
1.08
0.84
0.83
0.83
0.70
0.55
0.41
0.38
0.26
0.17

close to the axis centre, which is inflated on the ventral side and is hidden
by the lobate extension on the dorsal side.

Downcore records of Nonionella sp. in the Oslofjord
Chronology
Radiometric dating resulted in a reliable chronology for 0 to 12 cm of the
Oslofjord sediment core corresponding to a time scale from 1945 to the
present. The 137Cs profile indicates that the 12–14 cm sediment core sample
and the rest of the downcore samples (i.e. 14–17cm) are affected by mixing
(Figure S5). The sediment accumulation rate ranges between 0.17 and
1.23 kg.m-2.year-1 and the site has experienced a marked increase in
sedimentation rate since about 1980 (Table 3).
Foraminiferal assemblages
In order to determine approximately the period when Nonionella sp. first
appeared in Vestfjorden, inner Oslofjord (Cj3-2016) and considering the
137
Cs chronology is only reliable down to 12 cm depth, only foraminiferal
test from the first twelve samples were picked. More than 1,000 specimens
were picked from each core sample (Figure 4). Results suggest that this
morphospecies appeared for the first time at a depth of 7–8 cm (1 specimen),
corresponding to ~ 1985. No individuals were recorded at 6–7 cm (~ 1990)
and only one specimen was found at a depth of 5–6 cm (~ 1996). The
morphospecies is present in higher abundances between 2008 and 2016
(surface samples e.g. 0–1, 1–2, 2–3 cm) and particularly, at 1–2 cm with
sixty greenish individuals picked corresponding to 33 Nonionella sp. ind./g
sediment (Figure 4).
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Nonionella sp. T1 (test.g-1 sed., > 125 μm)
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Figure 4. Downcore abundance of Nonionella sp. T1 (tests.g-1 sed., > 125 µm) for core Cj3-2016
in Oslofjord.

Discussion
What name shall we use for the newcomer in the Oslo- and the Gullmar
fjords?
Five benthic foraminiferal morphospecies from the family Nonionidae
have previously been identified in the Oslofjord (Alve and Nagy 1990; Alve
et al. 2009; Dolven et al. 2013; Hess et al. 2014): Nonionella auricula HeronAllen and Earland, 1930, Nonionella iridea Heron-Allen and Earland, 1932,
Nonionellina labradorica Dawson, 1860, Nonionoides turgidus Williamson,
1858, and Pseudononion japonicum Asano, 1936 (as Nonion sp.). Specimens
with finger-like processes over the sutures were not observed in the cited
studies. Although their morphological characteristics are different, species
identification of deformed and young specimens may be difficult. More
specifically, N. iridea exhibits a lobate extension of the final chamber
covering the umbilicus (Heron-Allen and Earland 1932) and it can be
discriminated from Nonionella sp. (this study) by its smaller, thin-walled, and
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Table 4. Morphological descriptions of Nonionella miocenica Cushman, 1926, Nonionella
miocenica var. stella Cushman and Moyer, 1930, Nonionella sp. T1 and Nonionoides turgidus
Williamson, 1858.
Nonionella miocenica (Cushman, 1926)
Cushman JA 1926, pl. 13, fig. 4 a-c
“Test subtrochoid, small, periphery broadly rounded, 8–10 chambers in the lastforming coil, distinct, dorsal side not completely involute; the sutures obliquely
curved, the last chambers with umbilical end forming a distinct rounded lobe; wall
smooth; aperture elongate.”
Nonionella miocenica var. stella (Cushman and Moyer, 1930),
named Nonionella stella by Lankford and Phleger 1973
Cushman JA and Moyer DA 1930, pl. 17, fig. 17 a-b-c
“Variety differing from the typical in the stellate character of the inner end of
the last-formed chamber on the ventral side which develops short finger-like
processes over the previous sutures.”
Cushman JA 1939, pl. 9, fig. 10
“The California form has fewer and broader chambers, and the test is more
rounded.”
Nonionella sp. T1
Polovodova Asteman and Schönfeld 2015, pl. 1, fig. 1–14
“Nonionella stella exhibited a hand-shaped, lobate extension of the final
chamber covering the umbilicus with clearly developed finger-like processes over
the sutures.”
Nonionoides turgidus (Williamson, 1858)
Williamson WC 1858, pl. 4, fig. 95–97
“The second convolution is visible; inferiorly the last few segments are largely
developed, becoming remarkably ventricose, especially at their umbilical margins,
where they are broad and prominent; the ultimate one concealing a considerable
part of the shell.”
Cushman JA 1939, pl. 9, fig. 2–3
“Test longer than broad, much compressed, irregularly heart-shaped, periphery
rounded, the dorsal side slightly involute, ventral side involute; chambers distinct,
increasing rapidly in size and length as added, slightly if at all inflated, except on
the ventral side, where the last-formed one has an enlarged portion over the
umbilical area.”
Polovodova Asteman and Schönfeld 2015, pl.1, fig. 16–18
“The extension is straight, often parallel to a previous chamber or rounded and
drop-shaped.”

semi-transparent test with an iridescent appearance. Furthermore, another
morphospecies whose juveniles may be misidentified as Nonionella sp. is N.
turgidus, which does not have finger-like processes over the sutures and
has a more elongated test shape than Nonionella sp. (Table 4). In most
studies, the taxonomy of benthic foraminifera is still mainly based on
morphological criteria. However, cases such as cryptic species (different
biological species with identical morphologies), morphological convergence
(unrelated species sharing an analogous character) or ecophenotypy (same
species looking different under different ecological conditions) are usually
impossible to detect using morphology alone (Haynes 1992; Darling and
Wade 2008; Pawlowski and Holzmann 2008). It is therefore crucial to
combine morphological analyses with molecular identification (also called
DNA barcoding or genetic characterisation) to identify such cases
(Hayward et al. 2004; Schweizer et al. 2005, 2009).
To combine molecular and morphological data for taxonomic purposes,
a three-stage approach was proposed by Darling et al. (2016): (i) high
resolution imaging of the test and molecular identification of the same
individual, (ii) morphotype description produced only from the range of
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test morphologies associated with the phylotype (see morphological
description in Results) and (iii) allocation of the most appropriate
taxonomic name by linking the phylotype-morphotype description to a
taxonomic morphospecies description, using only strict morphological
criteria. A further step to confirm the link between the phylotype and the
taxonomic name would be to sequence topotypes, i.e. specimens coming
from the type locality of the described species (Roberts et al. 2016). No
formal comparison utilising the three-stage approach has yet been made
for the nonionids.
Concerning the taxonomic identification of the five phylotypes
presented in this study (Figure 2), T5 was previously identified as
Nonionellina labradorica and T3 as Nonionoides turgidus in other studies
(Table 2). Phylotype T2 was only identified at the generic level by
Holzmann and Pawlowski (2017). Phylotype T4 specimens from Namibia
(Grimm et al., unpublished data) and the Adriatic Sea (Holzmann and
Pawlowski 2017) have only been identified morphologically at the generic
level, whereas the T4 Californian specimen (Bernhard et al. 2006) was
identified as Nonionella stella (Table 2). Because of the high sequence
variability found in this phylotype, T4 may include different biological
species. To address this issue, a better sampling effort with more
individuals from each location is compulsory to investigate the potential
inter-specific variation within this clade. In addition, more detailed
analyses comparing molecular and morphological data using the threestage approach (Darling et al. 2016) are still needed to confirm the
taxonomic identification of phylotypes T2, T4 and T5.
When using only morphological criteria, the phylotype T1 closely
resembles Nonionella stella with some specimens exhibiting digitated inner
end of the last chamber. However, this morphological character is also
shared by the Californian specimens identified in the Santa Barbara Basin
(Bernhard et al. 2006), although the latter population is highly distinct
genetically from the phylotype T1 (Figure 2). Our molecular results show
clearly that the digitated inner end of the last chamber is not a robust
morphological criterion alone to identify individuals at the species level, as
different (and not closely related) nonionids (phylotypes T1 and T4) share
this morphological characteristic. At this stage, there is no satisfactory
taxonomic name available for the phylotype T1 and we propose to call it
Nonionella sp. T1 for the time being. It sounds in fact too preliminary to
call it Nonionella stella albeit there could be morphological evidence.
Hence, sampling and sequencing live topotypes from the Cushman and
Moyer reference site in San Pedro is the only way to characterise
genetically and morphologically N. stella. This will allow determining
whether the phylotype T1 does belong to N. stella or not. The same applies
to the phylotype T4 found in the Santa Barbara Basin. As there is only one
phylotype (T1) recognised presently in the Oslo- and the Gullmar fjords,
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which exhibits a test with a more or less developed hand-shaped extension,
the specimens previously found in these regions and identified
morphologically as N. stella or Nonionella aff. N. stella are most likely
Nonionella sp. T1.

When was Nonionella sp. T1 introduced in the Oslofjord?
Living (stained) individuals of Nonionella sp. T1 were first recorded in the
inner Oslofjord in 2012 (Alve and Hess, unpublished data). In the
Oslofjord core (this study), the first recorded Nonionella sp. T1 (one test
only) was retrieved from the sediment layer dated around 1985, whereas
no specimens were observed in the older layers (i.e. 8 to 12 cm) among the
2,250 identified foraminifers. These observations confirm that Nonionella sp.
T1 was recently introduced in the Oslofjord. To more precisely define the
date of introduction, the species was absent at station Cj3-2016 (inner
Oslofjord) both in living and dead assemblages collected in 2009 (Hess,
unpublished live data, Dolven et al. 2013). This suggests that Nonionella sp.
T1 actually may not have been introduced in the Oslofjord in 1985. Species
appearance in the sediment layer corresponding to 1985 can be explained
by a number of causes such as mixing by bioturbation, deep infaunal
microhabitat in the sediment or by an usuccessful first introduction
(McGann et al. 2012). However, it seems that the species became acclimated
in the area between 2009 and 2012. In our samples, all specimens observed
down to 5 cm (corresponding to 2001) displayed a greenish coloration
suggesting that they were alive or recently dead at the time of sampling.
Indeed, benthic foraminifera may move actively on and in the sedimentary
column (Severin and Erskian 1981; Gross 2002; Seuront and Bouchet 2015)
and bioturbation by macrofaunal organisms (see above) may also cause
downward transport of foraminifera to subsurface sediment layers (Langer
et al. 1989; Bouchet et al. 2009). All these factors could explain the presence
of Nonionella sp. T1 in layers older than 2012. The taxon’s abundances are
still quite low, about 5% in 2012 and down to only 1.5% in 2016 at the time
of sampling. Hence, it is not yet possible to confirm that the species is
established in the Oslofjord and further monitoring is required.

From where and how was Nonionella sp. T1 introduced into the Oslofjord?
Before appearing in the inner Oslofjord, Nonionella sp. T1 was introduced
further south into the Skagerrak and the Gullmar fjord in 1985
(Polovodova Asteman and Schönfeld 2015). Since the population from
Gullmar fjord settled prior to the one in the Oslofjord (Polovodova
Asteman and Schönfeld 2015), Nonionella sp T1 observed in the latter may
well have been transported from the Skagerrak.
Non-anthropogenic mediated transport from neighbouring areas, which
is well studied in terrestrial invasion, can also contribute to the
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introduction of foraminiferal NIS in new ecosystems via marine currents.
Benthic foraminiferal propagules can be widely distributed by waves and
currents (Alve and Goldstein 2003, 2010). Particularly, Ross and Hallock
(2016) proposed that cosmopolitan species produce propagules with great
potential for dispersal, while endemic taxa may have lost this basic
characteristic. Current patterns in the adjacent Skagerrak area are
dominated by the northward Baltic Current, which flows from the Kattegat
– along the Swedish west coast (where Gullmar and Sannäs fjords are located)
towards the entrance of the outer Oslofjord. At the Oslofjord entrance, the
Baltic Current turns west and continues along the southern coast of
Norway as the Norwegian Coastal Current (Figure 1). Nonionella sp. T1
has been recorded further south in the Øresund strait, Kattegat, the
Skagerrak-Kattegat front and the Gullmar fjord (Polovodova Asteman and
Schönfeld 2015; Charrieau et al. 2018) (Figure 5).
In order to confirm this hypothesis, we re-examined samples from the
core IH60, which were collected in the Indre Hvaler Basin (Figure 1) on
the Norwegian coast near the outer Oslofjord in 2008 (Bouchet and Alve,
unpublished data). There was no Nonionella sp. T1 specimen found in the
core, suggesting that the species was not yet present in the outer Oslofjord
in 2008. To investigate this further, we re-examined two sediment cores
(SSK09-4.5A and SSK10-4.5) for Nonionella sp. T1, which were taken in
the deepest basin of the Swedish Sannäs fjord (Robijn 2012; Nordberg et al.
2017). The fjord is located between the Indre Hvaler and the Gullmar fjord
(Figures 1, 5) and its dated sediment cores (see Robijn 2012; Nordberg et
al. 2017 for more details) can thus provide information about northward
transport of Nonionella sp. T1 propagules. Indeed, both cores demonstrate
that Nonionella sp. T1 arrived in the area sometime between 1995 and
2009, but was found in consistently low relative abundances (always < 1%
in the > 63 μm fraction) (unpublished data). Taking into account the
potential bioturbation effect, the timing of Nonionella sp. T1 introduction
in these areas is closer than those in the Oslofjord and supports the
hypothesis of migration from the south.
Furthermore, in the Oslofjord, twenty-three marine invertebrate species
have been introduced since the 1800s and some of them, such as the comb
jelly Mnemiopsis leydyi (Faasse and Bayha 2006) and the diatom
Coscinodiscus wailesii (Edwards et al. 2001) were transported in ballast
water tanks. Hence, Nonionella sp. T1 may also have been introduced into
the Oslofjord by ballast water of cargo ships, which has considerably
increased since the 1870s. Ballast water tanks often contain estuarine and
marine sediments, which are thought to be a powerful mean of benthic
species dispersion across the world (Blanchard et al. 2002). Taken the fact
that benthic foraminiferal propagules can survive for two years before growth
commences (Alve and Goldstein 2010), they may significantly increase
their survival rates in ballast water and sediment compared to other taxa.
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Figure 5. Nonionella sp. T1 records in Skagerrak-Kattegat and its adjacent fjords. Blue underlined
dates correspond to the first observation time / Red dates correspond to the estimated introduction
time. For details see Table S1.

Such behaviours could hence explain the presence of living foraminifera in
ballast tanks (Galil and Hülsmann 1997).
An introduction pathway of Nonionella sp. T1 into the Oslofjord may be
explained by propagule transport over short distances by currents from the
south or by ballast water. For the moment, there are not enough molecular
data available to trace the origin of Nonionella sp. T1 in the Skagerrak
region. A worldwide sampling effort is needed to investigate the origin of
this phylotype.
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Can Nonionella sp. T1 become an invasive species?
Nonionella sp. T1 is a recent NIS in the Oslo-, Gullmar and Sannäs fjords
benthic communities and is still present in low abundances (~ 5% in > 125 μm
fraction, ~ 5% and < 1% in > 63 μm fraction, respectively) as compared to
its populations in the Skagerrak (> 46%, > 63 μm fraction) and Dynekilen
fjord (11%, > 63 μm fraction) (Polovodova Asteman and Schönfeld 2015).
This is a classic feature of NIS that tends to have a short period of low
abundances before it starts to increase when the species gets definitively
established (McGann et al. 2012). Consequently, its status as an invasive
species is yet to be investigated. The likelihood of an introduced species
becoming invasive requires an understanding of its ecological requirements
and role in the ecosystem functioning (Langer and Mouanga 2016).
Unfortunately, although benthic foraminifera are present in high densities
in the sediment, their role in the benthic ecosystem is still poorly studied
(Murray 2006). Specifically, there is a limited knowledge about their
trophic status and their impact on the particulate and dissolved fluxes e.g.
nitrate, nitrite at the sediment water-interface whereas it is now known that
foraminifera are involved in calcification, bioturbation and denitrifications
processes (Gross 2002; Murray 2006; Piña-Ochoa et al. 2010; Seuront and
Bouchet 2015).
Related morphospecies described under the name N. stella have been
identified living in very different environmental conditions e.g. depth,
temperature, salinity and oxygen concentration (Kitazato 1994; Bernhard
et al. 1997; Maas 2000; Leiter and Altenbach 2010; Glock et al. 2013).
Hence, a re-evaluation of these publications is required, as they most likely
represent different species with different ecological requirements. The
Nonionella morphospecies from the Santa Barbara Basin, California,
described morphologically as Nonionella stella, is able to sequester
chloroplasts from diatoms (Grzymski et al. 2002) and may switch to
denitrification in the absence of oxygen (Risgaard-Petersen et al. 2006).
This strategy confers an advantage to this species to survive in anoxic
conditions (Bernhard et al. 2012). Such survival strategy, together with its
prolific reproduction and rapid maturation (Silva et al. 1996), could
explain the morphospecies dominance in numerous ecosystems e.g. anoxic
basins off California (Bernhard and Bowser 1999), oxygen minimum zones
(Glock et al. 2013) and deep sea environments (Silva et al. 1996).
Furthermore, in the Gullmar fjord, Nonionella sp. T1 highest abundances
have followed episodes of severe hypoxia in winters between 1987 and 1995
(Filipsson and Nordberg 2004). Increasing abundances of Nonionella sp. T1
since its introduction into the Gullmar fjord in 1985 suggest that the
species would benefit, similarly to Stainforthia fusiformis introduced earlier
in the 1970s, from the oxygen-depleted conditions.
Stainforthia fusiformis is an opportunistic species known to dominate
fjords in the Skagerrak with severe oxygen depletion (Alve 2003) and
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degraded ecological quality statuses (Dolven et al. 2013). At station Cj32016, inner Oslofjord, Nonionella sp. T1 co-occurs with the following
morphospecies: Adercotryma wrighti, Reophax subfusiformis, Bulimina
marginata, Nonionellina labradorica and Stainforthia fusiformis. From
1996 to 2016, the abundance of S. fusiformis increased from 10 to 50%
while the abundance of B. marginata decreased from 40 to 16% of the
assemblage in the > 125 μm fraction. The co-occurrence of S. fusiformis
with Nonionella sp. T1 suggests that the latter can be an opportunistic
species as well. Hence, Nonionella morphospecies may be opportunistic
and plastic species able to adapt to changing environmental conditions
from oxic to anoxic. The species’ adaptability would give it an advantage in
becoming invasive in the Oslofjord. At this stage, it is not yet possible to
suggest any trophic competition with Nonionoides turgidus and Nonionellina
labradorica for instance, which are the indigenous morphological
counterparts of Nonionella sp. T1. Hence, further studies are needed to
evaluate temporal population dynamics, the role of Nonionella sp. T1 in
the functioning of the benthic ecosystems and the effect of this species on
the foraminiferal assemblages.
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